Introduction {#Sec1}
============

Epigenetic alterations are a regular and natural occurrence that can result in heritable changes in gene expression without changing the underlying DNA sequence while being influenced by genetic changes and environmental cues^[@CR1]^. It has received intense attention due to their functions in regulating chromatin structure and gene expression, and their potential use as a biomarker for disease status^[@CR2]^. In particular, DNA methylation is considered as the most stable and experimentally accessible biomarker candidate among different types of epigenetic marks. Characterization of DNA methylome is of importance for understanding the functional mechanisms of DNA methylation in human disease studies^[@CR3]^. DNA methylation signatures have been found to be predictive of a series of diseases, including melanoma^[@CR2]^, Wilms tumor^[@CR4]^ and major depressive disorder^[@CR5]^, which will be of great value in both clinical diagnostics and therapeutics. Furthermore, DNA methylation changes can regulate the transcriptional profiles of innate and memory lymphocytes and thus shape their function. It has been reported that DNA methylation alterations in activating molecules such as *KSR1* and *NCF4* are associated with human natural killer cell activation^[@CR6]^. DNA methylation can direct transcription of the genes encoding cytokines, effector molecules and their receptors such as *IFNγ*, *IL2* and *CCR6* in memory T cells^[@CR7]--[@CR9]^. The survival of CD4+ memory T cells has been found to be affected by DNA methylation status of the cell death-related gene *NOXA* ^[@CR10]^. Dynamic changes of demethylation and remethylation occur at the programmed cell death-related gene *PDCD1* which encodes a key regulator of cell proliferation and exhaustion during naive to effector to functional memory CD8+ T cell differentiation post viral infection^[@CR11]^.

Peripheral blood mononuclear cells (PBMCs) are clinically relevant cells that display a variety of both innate and adaptive immune functions and have well-established roles in surveillance for infectious threats. PBMCs methylome at single base-pair resolution demonstrated it to be rich in biological information in humans^[@CR12]^. Recently it has also been shown that global methylation of PBMCs has the potential to provide disease-specific epigenetic signatures^[@CR13],\ [@CR14]^. Moreover, DNA methylation was found to be strongly associated with PBMC responsitivity to Toll-like receptor (TLR) ligands^[@CR15]^. The TLR3 agonist polyinosinic-polycytidylic acid (poly I:C), an artificial surrogate for double-stranded RNA (dsRNA) virus, has been extensively used to simulate viral infection^[@CR16]^. As such kind of external pathogenic stimuli can conduce to epigenetic changes, understanding of the variable DNA methylation linked to immune and inflammatory responses of PBMCs may contribute to identifying biologically promising epigenetic markers for pathogenesis of viral diseases.

As one of the important biomedical models for human diseases, methylation patterns of diverse pig tissues have been reported^[@CR17],\ [@CR18]^. Epigenetic analysis of porcine dendritic cells treated by lipopolysaccharide highlighted the involvement of epigenetic mechanisms in innate immune response^[@CR19]^. In addition, pig PBMCs has been frequently used as an experimental model to investigate immune responses to vaccination, bacterial and viral infection^[@CR20]--[@CR22]^. As an appealing biomedical model with high similarities to humans in anatomy, genetics and pathophysiology, the immune system of pigs not only has a full set of innate and adaptive immune effectors, but also closely resembles humans for \>80% of analyzed immune parameters, which enables the effective uses of pigs in modeling human immune responses and microbial infectious diseases^[@CR23],\ [@CR24]^. Epigenetic regulatory mechanisms are of particular importance to establish a proper pattern of gene expression in immune cells in response to internal or external environmental variations^[@CR25]^. However, changes in epigenetic profile of pig PBMCs induced by pathogenic stimuli remain largely unknown so far. Studies of epigenetic responses involved in immune reactions of pig PBMCs upon pathogens may shed light on the epigenetic dynamics during both animal and human immunological responses.

In this study, using the pig as a model we established an *in vitro* model system to analyze changes in methylome profiling of PBMCs in response to poly I:C stimulation and explore potential roles of DNA methylation in this process. The methylated DNA immunoprecipitation sequencing (MeDIP-seq) was utilized to provide broad coverage of methylomic landscape of poly I:C-treated samples and controls. Integrative analysis of genome-wide DNA methylation and gene expression data was further performed to identify associations between epigenomic and transcriptomic responses of PBMCs to viral infection. The comprehensive analysis of PBMC methylome herein will advance our understanding of epigenetic contributions to immune responses to viral infection, and aid in the identification of potential epigenetic biomarkers associated with responsiveness to viruses.

Results {#Sec2}
=======

Genome-wide DNA methylation pattern {#Sec3}
-----------------------------------

To probe the DNA methylation patterns of PBMCs that occur shortly after poly I:C infection, we performed comparative methylome analysis on six pairs of poly I:C-treated and control PBMC samples. After 24 hours of incubation, the samples were subjected to MeDIP-seq to generate a total of approximately 1.89 × 10^9^ paired-end reads with the length of 100 bp from 12 samples, of which 1.11 × 10^9^ high quality reads were mapped to the pig genome (Sscrofa10.2), resulting in approximately 9.25 × 10^7^ mapped reads per sample (Table [S1](#MOESM1){ref-type="media"}). Based on the high-quality mapped reads, we conducted CpG coverage analysis at genome wide by using the MEDIPS package^[@CR26]^. For each sample, on average 82.96% (range, 80.19% to 84.77%) of the approximately 28.0 million CpG sites in the pig genome were covered by at least one read (Table [S2](#MOESM1){ref-type="media"}). Furthermore, saturation analysis indicated that we have sufficient reads to generate a reproducible genome-wide methylation profile (Figure [S1](#MOESM2){ref-type="media"}).

To examine methylation changes at a genome-wide level, we quantified methylation levels on each chromosome using a 10 kb sliding window to smooth the distribution. The results showed that most chromosomal regions were covered by MeDIP-Seq reads, while the densities were distinct among these chromosomes (Figure [S2](#MOESM2){ref-type="media"}). Further analysis indicated that regions with the densities of 51 to 55 CpGs/kb and CpG~o/e~ ratio close to 0.60 tend to exhibit a higher methylation level (Figures [S3](#MOESM1){ref-type="media"} and [S4](#MOESM1){ref-type="media"}). In addition, the methylation level in subtelomeric regions (7 Mb downstream of the telomere) in most chromosomes was significantly increased compared with non-subtelomeric regions (Student's t test, *P* \< 0.01, Figure [S5](#MOESM2){ref-type="media"}). This result supported the idea that subtelomeric sequences can be methylated in mammals^[@CR27]^, and coincided with the highly methylated state of subtelomeric regions previously identified in mouse embryonic stem cells^[@CR28]^ and in porcine adipose and muscle tissues^[@CR17]^.

Next, we performed comprehensive analysis of the distribution of DNA methylation in the 2.2 kb region upstream of the transcription start site (TSS), gene body, and 2.2 kb region downstream of the transcription termination site (TTS). We observed a clear trend for DNA methylation levels to decrease sharply at TSS and to increase dramatically towards the gene bodies (Fig. [1A](#Fig1){ref-type="fig"}). This is concordant with the methylation pattern identified in human peripheral blood mononuclear cells^[@CR12]^ and embryonic stem cells^[@CR29]^, bovine muscle tissue^[@CR30]^, as well as chicken live and muscle tissues^[@CR31]^, which indicated that the methylation pattern of CpG hypermethylation within gene body regions is probably conserved among species. Moreover, the methylation level of gene bodies in the poly I:C-treated group was obviously higher (*P* \< 0.01) than in the control group (Fig. [1A](#Fig1){ref-type="fig"}), which may be attributed to the potential associations between gene body methylation and expression of active genes.Figure 1Distribution of MeDIP-seq reads in genomic features. (**A**) Methylation level in the gene region. The gene region consists of 2.2 kb upstream of the TSS and downstream of the TTS regions, and gene body from TSS to TTS. In gene body, each gene was divided into 50 equal windows, and the 2.2 kb regions upstream of TSS and downstream of TTS were divided into 20 non-overlapping windows. The average normalized depth was calculated for each window. TSS: transcription start site; TTS: transcription termination site. (**B**) Methylation level in CpG islands and CpG island shores. The CpG islands were split into 20 equal windows, and the CpG islands shores were split into 20 non-overlapping windows, and the average normalized read depth was calculated for each window. The Y-axis represents the average of normalized read depth for each window.

In methylome studies, CpG islands (CGIs) are a notable genomic element of interest because of the role in controlling gene expression^[@CR32]^. We therefore analyzed the methylation status of CGIs and CGI shores, and observed that the DNA methylation level increased sharply towards the CGIs (Fig. [1B](#Fig1){ref-type="fig"}). Of note, the poly I:C-treated group had relatively higher methylation levels in CGIs than the untreated group (*P* \< 0.01), which suggests CGIs may contain regulatory sites of gene expression in responses of PBMCs to poly I:C stimulation. The DNA methylation changes in these genomic features presumably reflected the ability of pathogens to trigger epigenetic responses of cells involved in the immune system^[@CR33]^.

Identification of differentially methylated regions {#Sec4}
---------------------------------------------------

To identify the DMRs between poly I:C-treated and control PBMC samples, we calculated reads density in 1 kb sliding windows across the whole genome and performed pairwise comparisons between the two groups. As neighboring CpG sites are usually coordinately methylated up to 1 kb^[@CR34]^, DMRs were defined as 1 kb windows with significant difference in normalized read counts between the two groups. We identified 5,827 DMRs, of which 2,322 (39.8%) were hypermethylated and 3,505 (60.2%) hypomethylated in the poly I:C-treated group. A circle diagram of DMRs along chromosomes revealed that distributions of DMRs tend to be enriched in genomic regions with higher CpG~o/e~ ratio (\~0.32) than the genomic mean value (\~0.22, Fig. [2](#Fig2){ref-type="fig"}, Table [S3](#MOESM1){ref-type="media"}). To confirm the MeDIP-seq results, we carried out bisulfite sequencing PCR on four DMR regions in the poly I:C-treated and control PBMC samples used in MeDIP-seq. Results indicated that the MeDIP-seq data were highly correlated with bisulfite sequencing PCR data, confirming the reliability of the MeDIP-seq data (Pearson's r = 0.92, *P* = 2.82e-13, Figure [S6](#MOESM2){ref-type="media"}).Figure 2Genome-wide patterns of differentially methylated regions. (**A**) Circle diagram of pig autosomal chromosomes; (**B**) CpG~o/e~ ratio at 1 Mb bins; (**C**) 1,890 differentially methylated genes; (**D**) distribution of DMRs (the height of each histogram bar represents number of CpGs in the DMRs), of which the hyper- and hypomethylated DMRs are shown in orange and blue, respectively.

We subsequently mapped all DMRs to their nearest genomic features and found that methylation alterations were unevenly distributed across the genome. The majority of the 5,827 DMRs were identified in intergenic and intronic regions (Fig. [3A](#Fig3){ref-type="fig"}), which constitute a large proportion of the genome. However, relative enrichment analysis revealed that the DMRs displayed higher enrichment in CGIs, exon and promoter regions (Fig. [3B](#Fig3){ref-type="fig"}). The unsupervised clustering analysis for all samples using DMRs clearly distinguished the two groups (Fig. [4](#Fig4){ref-type="fig"}), which reflects the potential to classify immune disease with DNA methylation changes in PBMCs. To predict the potential functional significance of the 5,827 DMRs identified in the poly I:C-treated group, we determined which regions overlapped with promoters and genes. We observed that the DMRs were associated with 1,896 genes, among which 142 genes were differentially methylated only in promoter, 1,663 only in gene bodies, and 91 in both promoters and gene bodies (Tables [S4](#MOESM1){ref-type="media"} and [S5](#MOESM1){ref-type="media"}). Some of the genes with immune functions have been well studied, for example, Nod like C3 (*NLRC3*) that attenuates Toll-like receptor signaling via modification of the signaling adaptor TRAF6 and transcription factor NF-κB^[@CR35]^, forkhead box P1 (*FOXP1*) that participates in the transcriptional regulatory network of B lymphopoiesis^[@CR36]^.Figure 3Distribution of DMRs in different genomic features. (**A**) Assignment of DMRs to CGI, promoter, exon, intron and intergenic region. (**B**) Relative enrichment ratio of DMRs. Enrichment ratio was calculated by the proportions of DMRs mapped to each genomic feature in total DMRs divided by the relative size of corresponding genomic features. Genomic coordinates for these feature types were obtained from the UCSC pig reference genome (Sscrofa 10.2), with the exception of promoters, which were defined as −2,200 bp to +500 bp of the transcription start site. Figure 4Hierarchical clustering of poly I:C-treated and untreated PBMC samples using methylation patterns present at DMRs. Clustering was performed using the hclust function in R.

As the differences in the gender and breed of individuals used in this study, we also revealed the potential DNA methylation differences derived from gender and pig breed differences. A total of 6,152 DMRs (2,114 hypomethylated and 4,038 hypermethylated) were detected between the different pig breeds, and 2,208 DMRs (1,414 hypomethylated and 794 hypermethylated) were identified between the individuals with different gender (Tables [S6](#MOESM1){ref-type="media"} and [S7](#MOESM1){ref-type="media"}).

Transcriptional response of PBMCs to poly I:C infection {#Sec5}
-------------------------------------------------------

Using RNA-seq to measure global gene expression in paired poly I:C-treated/untreated PBMC samples, we identified 615 genes that were significantly differentially expressed (FDR \< 0.05, Table [S8](#MOESM1){ref-type="media"}), with 424 genes up-regulated and 191 down-regulated in response to poly I:C infection (Fig. [5](#Fig5){ref-type="fig"}). This genome-wide expression analysis provided a comprehensive portrait of the immune responses to poly I:C infection at the transcriptional level. The unsupervised clustering analysis of samples by mRNA expression profile did not clearly separate the two groups (Figure [S7](#MOESM2){ref-type="media"}), which is consistent with previous reports^[@CR37]^. To investigate the biological significance of the differentially expressed genes, we undertook functional annotation analysis using DAVID bioinformatics resources. A subset of immune/defense response-related categories were significantly clustered, such as 'response to wounding' (GO: 0009611, 81 genes, FDR = 2.94E-28), 'inflammatory response' (GO: 0006954, 60 genes, FDR = 2.54E-24), and 'defense response' (GO: 0006952, 71 genes, FDR = 4.91E-17). Further pathway analysis revealed that the genes were significantly enriched in six disease resistance-related pathways. The cytokine-cytokine receptor interaction pathway (46 genes, FDR = 1.41E-11) was the most representative pathway, followed by graft-versus-host disease (14 genes, FDR = 1.66E-05), type I diabetes mellitus (13 genes, FDR = 4.16E-04), allograft rejection (12 genes, FDR = 6.13E-04), asthma (10 genes, FDR = 5.98E-03), and chemokine signaling pathway (24 genes, FDR = 2.87E-02) (Table [S9](#MOESM1){ref-type="media"}).Figure 5Visualization of significantly differentially expressed genes between the poly I:C-treated and untreated PBMC samples using a volcano plot. The horizontal line indicates the log2 fold change value, and the vertical line denotes the negative log10 p-values from the differential expression test. The red dots represent the differentially expressed genes (FDR \< 0.05), and the cyan dots represent the genes that were not expressed differentially between the two groups.

To validate the RNA-seq analysis results, we selected ten differentially expressed genes that with differing expression patterns, including *CCL2*, *IL-6*, *IL-10*, *PPARG*, *TNFRSF9*, *TNF-α*, *AIG1*, *ADAM28*, *FCRL3*, *NCF4*, and *PACSIN1* to detect their expression patterns using qRT-PCR. The expression pattern of all the genes tested matched that was observed in the RNA-seq analysis results, with a correlation coefficient of 0.94 (*P* = 1.72E-05), confirming the high reliability and accuracy of RNA-seq data in this study (Figure [S8](#MOESM2){ref-type="media"}).

Integrative analyses of DNA methylation and gene expression data {#Sec6}
----------------------------------------------------------------

To explore the effects of DNA methylation on the regulation of gene expression in PBMCs, we investigated the correlations between gene's methylation level and expression level by integrating DNA methylation data with gene expression data generated from the same cohort of PBMC samples. We divided the genes into four groups according to the mean expression levels (Fig. [6](#Fig6){ref-type="fig"}). The silently expressed genes that were not detected in the two groups were removed. Then we compared the DNA methylation levels in and around gene bodies among the four expression levels in the two groups (Fig. [6](#Fig6){ref-type="fig"}). The top 25% highly expressed genes had the lowest methylation levels around the TSS of genes and groups of genes with increasingly lower expression levels exhibited increasingly higher methylation levels. This means that the highly methylated genes were expressed at low levels, and vice versa. A similar negative correlation between DNA methylation and gene expression levels surrounding TSS has been previously found in human peripheral blood monocytes^[@CR12]^, bovine muscle tissue^[@CR30]^, and chicken live and muscle tissues^[@CR31]^. Genome-wide analysis of the correlation between methylation and transcription revealed significant negative correlations (r = −0.387, *P* = 2.2e-16). To test the relationship between promoter methylation and CpG frequency, we classified all promoters into three types based on the CpG representation, i.e., low CpG (LCP, n = 5,577), intermediate CpG (ICP, n = 8,599) and high CpG content promoters (HCP, n = 8,635) (Figure [S9A](#MOESM2){ref-type="media"}). We observed an increase of methylation levels in ICPs compared with HCPs and LCPs (Figure [S9B](#MOESM2){ref-type="media"}), which coincided with previous findings that ICPs show a high frequency of methylation and thus are prone to regulation by DNA methylation^[@CR38]^.Figure 6Relationship between DNA methylation and gene expression levels. The methylation level in the gene regions was estimated by the normalized read depth. In gene body, each gene was divided into 50 equal windows, and the average normalized depth was calculated for each window. The 2.2 kb regions upstream of TSS and downstream of TTS were divided into 20 non-overlapping windows, and the average normalized depth was calculated for each window. Genes were divided into four groups based on the ranking of average expression levels. Each line denotes the DNA methylation level of different gene expression groups. (**A**) Poly I:C-treated group; (**B**) untreated group.

Differential gene expression analysis in stimulated PBMCs *in vitro* highlighted the roles of differentially expressed genes in response to pathogenic stimuli^[@CR21],\ [@CR39],\ [@CR40]^. To detect whether the differentially expressed genes identified in this study were associated with differential DNA methylation, we performed integrative analyses of genes identified in the DNA methylation and gene expression analyses. The results showed that among the list of differentially expressed genes, 70 genes were discovered to be differentially methylated between the two groups (Table [S10](#MOESM1){ref-type="media"}), which was larger than expected to occur by chance (chi-square test, *P = *1.89E-03). The analysis allowed the identification of a subset of antiviral response-related genes including *TNFRSF9* that is expressed on activated T and natural killer cells^[@CR41]^, *IDO1* that can suppress viral replication^[@CR42]^ and *EBI3* that induces generation of regulatory T cells^[@CR43]^, of which the genomic locations and degrees of the methylation and expression differences are shown in Figure [S10](#MOESM2){ref-type="media"}. Gene ontology analysis revealed significant enrichment for categories including 'positive regulation of immune system process' (GO: 0002684, 6 genes, *P* = 2.75E-03) and 'pattern binding' (GO: 0001871, 5 genes, *P* = 2.87E-03), and 'lysosome' (GO: 0005764, 5 genes, *P* = 1.19E-02) (Table [S11](#MOESM1){ref-type="media"}).

Discussion {#Sec7}
==========

Through a genome-wide comparative methylome analysis of pig PBMCs, we revealed the associations of epigenetic alterations with the responses of PBMCs to immune stimulation by the viral pathogen. We characterized differentially methylated regions that reflect the epigenetic changes potentially induced by poly I:C stimulation. Further integrated analysis of MeDIP-seq and RNA-seq data allowed the identification of immune response-related genes that may be driven by DNA methylation. The PBMC DNA methylome profiling provides an epigenetic overview of this physiological system in response to *ex vivo* stimulation, and we expected it to constitute a subset of resources for future epigenomic studies.

It is known that pathogens can affect diverse epigenetic factors such as DNA methylation, histone modifications, noncoding RNAs^[@CR44]^. Our methylome analysis of poly I:C-treated PBMCs demonstrated distinct distribution patterns of differential DNA methylation among genomic features. In agreement with previous studies showing different distributions of methylation changes in genomic features^[@CR45],\ [@CR46]^, these suggest the potential of DNA methylation profile in reflecting the unique epigenetic information of immune responses and diseases. Consistent with the clear stratification of immune disease by DNA methylation signature^[@CR37]^, our work further substantiated the general validity of the associations between DNA methylation and immune responses by unsupervised clustering analysis using DMRs. Some factors such as differences associated with sex and breed could impact on the DNA methylation^[@CR17]^, and our findings also displayed sex and breed related DNA methylation differences which may result in that the individuals of Landrace and Dapulian could not be distinguished in the untreated group. In addition, individuals from the two breeds were separated in the poly I:C-treated group. Previous studies have shown the discrepancies in the ability of the two pig breeds in resistance to pathogenic stimulation^[@CR47]^ and the close link between DNA methylation status and functions of immune cells^[@CR44]^, which may account for the separation of pig breed in the poly I:C-treated group.

The host's gene expression programs especially those linked to host defense genes undergo massive changes during pathogenic infections^[@CR40]^. The epigenetic modulations such as histone modification and DNA methylation can be manipulated by pathogens to influence the host's gene expression programs associated with defense genes^[@CR48]^. Our results provided evidence that poly I:C stimulation can trigger changes in DNA methylation to alter the expression of genes related to immune responses. Previous reports have elucidated the potential underlying biology for preferentially inducing epigenetic changes in immune-related genes during pathogenic infections such as modulation of histone acetylation, accession to histone-interacting transcriptional regulators by mimicking the histone H3K4 sequence and encoding proteins that can interact with cellular DNA methyltransferases^[@CR49]--[@CR51]^. In addition, DNA methylation is considered as only one of the mechanisms for governing gene expression, and recent studies have documented a not necessary correlation between DNA methylation changes and gene expression variations^[@CR15],\ [@CR46]^. The other regulators such as transcription factors are also involved in the regulation of gene expression, which may in part account for the small number of differentially methylated and expressed genes identified in our study.

Functions of DNA methylation vary with the distribution of methylation across the genomic elements. Here we found an overall inverse relationship between promoter methylation and gene expression levels. Among the genes showing differential promoter methylation, several genes such as *TNFRSF9* displayed negative relationships between promoter methylation and gene expression, which may be associated with the transcriptional repression of DNA methylation by blocking the binding of transcriptional activators or recruiting co-repressors^[@CR52]^. However, a subset of genes exhibited differently from this pattern, which indicated that the changes in promoter methylation and gene expression do not seem to follow a simple logic in PBMCs in response to poly I:C stimulation. Emerging evidence has revealed that the classical epigenomic models that DNA methylation negatively regulates gene expression apply only to a portion of genes. No correlation and positive correlation between promoter methylation and gene expression have been identified, such as in mouse intestinal adenoma and human PBMCs^[@CR15],\ [@CR45]^. In addition, DNA methylation is prevalent within gene bodies. It has been shown that gene body methylation is involved in alternative splicing^[@CR53]^, phenotypic plasticity^[@CR54]^, and repression of spurious initiation of transcription^[@CR55]^. Differential DNA methylation in gene bodies was found to be positively correlated with the expression of some genes including the *EBI3* gene, which is concordant with previous reports^[@CR56],\ [@CR57]^. The molecular mechanisms may be that the methylation in gene body may promote transcriptional activity through hindering the initiation of intragenic promoters or by influencing repetitive DNAs activities located in the transcriptional units^[@CR58]^. However, recent studies revealed that not all of the gene body methylation was positively correlated with expression^[@CR59]^. In this study, we also observed a subset of genes showing positive or negative associations between gene body methylation and expression. A possible rationale is that the function of gene body DNA methylation in gene expression may vary with the targeted genomic elements in gene bodies, such as repetitive elements, enhancer, and alternative promoters. Therefore, more research is required to definitively characterize the function of DNA methylation in genomic features in regulating gene expression.

In summary, we pioneered a comprehensive methylome analysis of pig PBMCs in response to poly I:C stimulation using MeDIP-seq. This study demonstrated clearly methylomic differences after stimulation with poly I:C, and provided an epigenetic overview of this physiological system in response to viral infection. Our findings highlighted the significance of epigenetic modifications that may trigger transcriptional changes in immune-related genes involved in responses of PBMCs to viral infection. Given the variable and complex processes of PBMCs responses to pathogenic infections, further endeavors will be pursued to analyze the genome-wide methylation kinetics of PBMCs at a variety of time points after infections in larger independent cohorts in future studies.

Materials and Methods {#Sec8}
=====================

Sample collection {#Sec9}
-----------------

To increase the biological diversity of the samples and identify the strongest and common signatures of methylation and gene expression, six clinically healthy pigs at 35 days old from two different breeds (Dapulian and Landrace) were used in this study (Table [S1](#MOESM1){ref-type="media"}). All animals were raised under the same standard indoor conditions, and did not receive any vaccinations except classical swine fever vaccine at day 21 after birth. For each piglet, 20 mL of whole peripheral blood was collected via venipuncture for PBMC separation. All protocols for samples collection of experimental individuals were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at China Agricultural University, and all methods were performed in accordance with relevant guidelines and regulations.

PBMC preparation and poly I:C stimulation {#Sec10}
-----------------------------------------

PBMCs were separated from whole peripheral blood by a density gradient centrifugation method using Ficoll-Paque PLUS (GE healthcare). Freshly isolated PBMCs were maintained in RPMI 1640 medium (Hyclone, Logan, UT, USA) supplemented with 10% heat-inactivated fetal calf serum, and the cell viability was confirmed by trypan blue exclusion assays. The PBMC samples obtained from each piglet were classified into two groups that treated with poly I:C at a final concentration of 20 μg/mL or with vehicle (phosphate-buffered saline \[PBS\]). PBMC cells were maintained in culture for 24 hours^[@CR60],\ [@CR61]^ at 37 °C and 5% CO~2~, and then were collected for nucleic acid extraction. Genomic DNA and total RNA were extracted using Qiagen DNeasy Tissue kit (Qiagen, Hilden, Germany) and RNAiso Plus (Takara Biotechnology Co., Ltd, Dalian, China), respectively, and frozen at −80 °C until DNA methylation and RNA-seq analysis.

MeDIP-seq library preparation and sequencing {#Sec11}
--------------------------------------------

We herein used MeDIP-seq to profile the methylomic landscape of PBMC samples derived from poly I:C-treated and control groups. To prepare for MeDIP-seq, 6--10 ug genomic DNA was sheared into random fragments ranging in size from 150 to 800 bp with the AIR™ DNA Fragmentation Kit (Bioo Scientific Corporation). Libraries were prepared according to the Illumina Paired-End protocol, (*i*) end repaire, (*ii*) phosphorylation of the 5′ prime ends, (*iii)* A-tailing of the 3′ ends, *(iv*) ligation of adapters, and were performed with the Paired-End DNA Sample Kit (Illumina, San Diego, USA) following the manufacturer's guidelines. Adaptor-ligated DNA was immunoprecipitated by highly specific anti-5-methylcytosine monoclonal antibody supplied in the Methylated DNA IP Kit (Zymo Research, Orange, CA, USA). MeDIP efficiency was confirmed by quantitative PCR using SYBR green mastermix (Applied Biosystems, CA, USA), using primers for positive and negative internal control DNA of non-human samples contained in the Magnetic Methylated DNA Immunoprecipitation Kit (Diagenode, Liege, Belgium). The methylated fraction and 10% input DNA were purified with ZYMO DNA Clean & Concentrator-5 columns according to the manufacturer's instructions and were amplified by adaptor-mediated PCR. Amplification quality and quantity were analyzed by Agilent 2100 Analyzer. Ultra-high-throughput 100 bp paired-end sequencing was performed using the Illumina HiSeq. 2000 following manufacturer's protocols.

Quality control and alignment of sequencing reads {#Sec12}
-------------------------------------------------

Raw sequencing reads were firstly filtered using IlluQC.pl provided in the NGS QC Tookit^[@CR62]^. For paired end library, only both of the paired reads without primer/adaptor sequences (allowing one bp mismatch) and having at least 70% of bases with PHRED quality score \> = 10 were retained. Then we aligned the remaining reads to the pig reference genome (Sscrofa10.2) with Bowtie 2^[@CR63]^. The pig reference genome was downloaded from the University of California Santa Cruz Genome Bioinformatics Site (UCSC, <http://hgdownload.soe.ucsc.edu/goldenPath/susScr3/bigZips/>). Finally, we utilized the Samtools^[@CR64]^ to convert the SAM format file to BAM format and discarded the reads with MAPQ score \< 10. To avoid sex-based methylation differences, we removed methylation data for the X and Y chromosomes. The final BAM format files were prepared for subsequent downstream analysis.

Differential methylation analyses {#Sec13}
---------------------------------

For differential methylation analyses, after filtering the low quality reads, the MeDIP-seq data were aligned to the pig reference genome (Sscrofa10.2) using Bowtie 2^[@CR63]^. Read counts for non-overlapping genomic windows of 1 kb were calculated using the MEDIPS package^[@CR26]^. For each window, the unique read pairs (all reads which aligned to exactly the same start and end positions were replaced by only one representative) that overlap with the window of each sample were counted. The MEDIPS.couplingVector function was used to control for local CpG density for an estimate of actual DNA methylation level. Raw read counts were normalized using the estimateSizeFactors function in the DESeq package in R statistical program^[@CR65]^. For each window, we carried out paired *t* test on the differences between poly I:C-treated and control groups using the normalized read counts. The resulting *t* statistic can be used to determine the significance^[@CR66]^. Using the distribution of *t* statistic obtained from each window, we defined a threshold (\|t\| = 7) for determining DMRs. The windows with the absolute value of *t* statistic that was larger than 7 were taken as DMRs. The improved permutation method was utilized to evaluate the FDR in DMR calling^[@CR67]^. We randomly shuffled the normalized read counts for each non-DMR window and repeated DMR analysis (10,000 permutations). This analysis indicated that the DMRs were identified with an FDR \< 0.1 across the genome.

Validation of MeDIP-seq data by bisulfite sequencing PCR {#Sec14}
--------------------------------------------------------

Bisulfite sequencing PCR primers were designed by the online MethPrimer program^[@CR68]^, which are listed in Table [S12](#MOESM1){ref-type="media"}. Bisulfite treatment of genomic DNA was performed using the EZ DNA Methylation-Gold^™^ Kit (Zymo Research, D5006). PCR reactions were then undertaken using the ZymoTaq^™^ PreMix (Zymo Research, E2004) following the manufacturer's protocols. The PCR products were purified and cloned into the pMD18-T vector (TaKaRa biotechnology Co., Ltd, Dalian, China). More than ten positive clones for each subject were randomly selected for sequencing. The final sequences were analyzed by the online software QUMA^[@CR69]^.

RNA-seq library preparation, sequencing and data analysis {#Sec15}
---------------------------------------------------------

A total of 10 ug total RNA was treated with poly-T oligo attached magnetic beads to isolate Poly (A) mRNA. The captured mRNA was fragmented randomly into smaller pieces using RNA fragmentation buffer (NEB, Beijing, China) following the manufacturer's procedure. Then the cleaved RNA fragments were reverse-transcribed to construct the final cDNA library according to the protocols for the mRNA-Seq sample preparation kit (Illumina, San Diego, USA), and the average insert size for the paired-end libraries was 300 bp ( ± 50 bp). After that, 100 bp paired-end sequencing was performed on the Illumina Hiseq. 2000 following the vendor's recommended protocols.

We filtered out low quality RNA-seq reads that contain sequencing adaptor or sequencing primer or with base quality score lower than 20. The clean reads were then aligned to the pig reference genome using TopHat2^[@CR70]^. The script htseq-count included in HTSeq was used to count for each gene how many aligned reads overlapped its exons. The edgeR^[@CR71]^ software was used for read counts normalization and differentially expressed gene determination using the procedure of a generalization of paired t-test for paired samples. We defined a threshold of FDR \< 0.05 for determining the significance of expressed genes.

Quantitative real-time PCR {#Sec16}
--------------------------

Total RNA was purified and reversely transcribed into cDNA using PrimerScript^®^ RT reagent Kit with gDNA Eraser (Takara Biotechnology (Dalian) Co., Ltd) following the manufacturer's instructions. Quantities of mRNA were then measured with qRT-PCR using a LightCycler^®^ 480 Real-Time PCR System (Roche, Hercules, CA, USA). The qRT-PCR assays were performed with a volume of 20 μL containing 10 μL SYBR Green Mixture, 7 μL deionized water, 1 μL template of cDNA, 1 μL of each primer. The thermal conditions were as follows: 95 °C for 5 min, 45 cycles of 95 °C for 10 sec, 60 °C for 10 sec, 72 °C for 10 sec. Primer sequences used for qRT-PCR assays are presented in Table [S13](#MOESM1){ref-type="media"}. Each qPCR assay was carried out in triplicate. The relative gene expression was calculated by using the 2^−*ΔΔ*Ct^ method^[@CR72]^.

Functional enrichment and network analysis {#Sec17}
------------------------------------------

The DAVID (Database for Annotation, Visualization and Integrated Discovery) web server (http://david.abcc.ncifcrf.gov/) was used to investigate the biological relevance of the differentially methylated genes. Since only a limited number of genes in the pig genome have been annotated, the identified genes were firstly mapped to their corresponding human orthologs, and then the gene lists were submitted into the databases for functional enrichment analysis. Annotation terms with a *P* value less than 0.05 were considered to be statistically significant.

Annotation of DMRs {#Sec18}
------------------

DMRs were annotated with Ensembl genes, transcripts, promoters, CpG islands (CGIs) and repeatmask. We obtained the genomic locations of these genomic features from the UCSC pig reference genome (Sscrofa10.2). As described in previous study^[@CR2]^, promoters were defined as −2,200 bp to +500 bp of the transcription start site. The promoters were further classified into three groups based on the CpG representation as previously described^[@CR37]^, i.e., low CpG (LCP), intermediate CpG (ICP) and high CpG content promoters (HCP). DNA regions greater than 200 bp with a C + G content equal to or greater than 50% and an observed CpG/expected CpG in excess of 0.6 were defined as CGIs^[@CR73]^. The sequences up to 2 kb distant from CpG islands were termed as CpG island shores^[@CR74]^.
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